Nickel containing alloys have been widely used as substrates for the manufacture of studs used for ear piercing. Unfortunately, nickel has also been related to the development of allergic contact dermatitis caused by skin sensitization due to Ni ^ ions. Nickel ions can be leached out into the body fluids due to corrosion reactions. Defect free coatings are very difficult to produce, and therefore nickel free materials should be used as substrates of ear piercing studs, although the commercial alloys used usually contain this element. In this study, the corrosion resistance of two kinds of commercial studs prepared with nickel containing substrates and a titanium laboratory made stud was determined in a culture medium. The corrosion resistance of the studs was investigated by means of potentiodynamic polarization tests and electrochemical impedance spectroscopy as a function of immersion time in the culture medium. The elements that leached out into the medium due to corrosion reactions were analyzed by instrumental neutron activation analysis. The surfaces of the commercial gold-coated studs were examined by scanning electron microscopy and analyzed by energy dispersive spectroscopy, both before and after exposure to the culture medium. The cytotoxicity of the tested studs was also determined in the culture medium.
INTRODUCTION
Alloys containing nickel in their composition are generally used in the manufacture of ear piercing studs. On these studs surfaces gold coatings are applied for aesthetic reasonn, corrosion resistance and because gold has been generally accepted as having little or no cytotoxicity^ . These coatings should be compact and adherent to the substrate, to avoid the contact between substrate elements and body fluids while the pierced earlobes are healing. However, in the coating process defects are usually introduced, and that allows the corrosion of the substrate and the release of nickel ions. Nickel is the major cause of allergic contact dermatitis^^''', this being caused by Ni ^ ions, which bind to tissue and intersticial fluid proteins as soon as they are released from the metallic substrate"^ \ In a previous study, neutron activation analysis was applied to determine the elements leached out due to corrosion of two alloys used for producing ear piercing studs^ \ In the present work, the corrosion resistance of two commercial gold coated ear piercing studs, with a copper-zinc based alloy and a stainless steel as substrates, and a laboratory made Ti stud, have been investigated by electrochemical impedance spectroscopy and potentiodynamica polarization tests.
The purpose of this investigation was to contribute in the study of alloys that are being used in the fabrication of ear piercing studs and that are being associated to allergic reactions. Besides, a laboratory made Ti stud was tested as a potential material for substitution of the alloys currently used. 
Corrosion tests

MATERIALS AND METHODS
Materials
Three types of ear piercing studs have been studied: gold coated austenitic stainless steel (St); gold coated copper-zinc alloy (Pf) and titanium (Ti). Figure 1 illustrates one of the tested studs.
The compositions of the materials used as substrates were determined by instrumental neutron activation analysis (INAA) and the results are given in table I. In these analyses, the stems and butterfly backs of studs were analysed individually after removing the gold coating.
The corrosion performance of the three types of studs was investigated by means of Electrochemical Impedance Spectroscopy (EIS) and potentiodynamic polarization tests. The perturbation amplitude of voltage for the EIS test was 10 mV and the frequency range was from 50 kHz to 5 mHz. These measurements were carried out in a MEM culture medium at room temperature, at the open circuit potential. A threeelectrode cell arrangement was used for the electrochemical tests, with a graphite rod as the auxiliary electrode, a saturated calomel electrode (SCE) as the reference electrode and cold resin mounted studs as the working electrode. The studs were mounted in an epoxy resin leaving only their stem for exposure to the culture medium. The specimens were immersed in the culture medium for various times (from one to nine days) and the EIS test was carried out as a function of time. Polarization tests were carried out on the Pf and St studs, after removal of their gold coatings with Hg, from the corrosion potential (E^orr) up to + 1300 mV(SCE) after 5 days of immersion. The coating was removed to avoid localized corrosion in the defects of the coating, and to allow a comparison of the corrosion resistances of the substrates of the materials tested.
Chemical analysis
Twelve pair of studs were immersed in the MEM culture medium for 10 d After this period the studs were removed and the medium was analysed by applying instrumental neutron activation analysis (INAA), according to procedure described in a previous paper^^l 500 |lL of each extract solution was pipetted and dried in a clean polyethylene capsule for irradiation in the lEA-Rl nuclear reactor. The gamma ray spectra obtained were processed using appropriate software and the concentrations of the elements were calculated by a comparative method. Also, the blank of the culture medium was analysed to evaluate the elements from this medium.
Cytotoxicity test
The cytotoxicity assay was carried out according to Rogero et al}"^^ and the International Standards Organization (ISO)^^^^ by adding diluted culture medium after immersion of studs in contact with Chinese Hamster Ovary cells culture (ATCC CHO kl) The determination of cytotoxicity, according to ISO, can be either qualitative or quantitative. In this study, the determination of cytotoxicity was performed by quantitative evaluation, based on cell viability.
Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)
The surface characteristics of the studs were examined in a Scanning Electron Microscope (SEM) and analysed by Energy Dispersive Spectroscopy (EDS), before and after ten days immersion in the culture medium. The aim of these analyses was to examine the coatings for defects, which could expose the substrate, and for the presence of reaction products on the surface.
RESULTS
Polarization tests
The results of polarization tests after 5 days of immersion are shown in figure 2 . The largest corrosion current densities among the materials tested were related to Pf substrate. It also showed a pitting potential at around 500 mV (SCE). Low corrosion current densities were obtained for the St substrate up to high overpotentials, and only a slight increase was seen at approximately 850 mV (SCE). Ti stud showed a behaviour typical of an active corrosion reaction (anodic Tafel behaviour), in a large range of overpotentials, (approximately 550 mV). However, the very low current densities (order of |LlA.cm'^) up to the oxygen evolution reaction potential, indicated that it was passive.
EIS tests
The EIS results after 1 day of immersion showed large differences in the corrosion response of the three studs tested (Fig. 3) . Only one time relaxation constant was associated to the St stud, whereas two time relaxation constants were related to the Ti and Pf studs. The St stud showed a capacitive behaviour in a large frequency range (from 10^ to 10'^ Hz) suggesting a good quality of the gold coating on this stud. Increasing the time of immersion only caused very slight changes on the EIS response of the coated St stud (Fig. 4) 
Figura 3. Espectros de Bode (ángulo de fase) de los aretes probados, después de 1 d de inmersión en el medio de cultivo.
Figuro 4. Espectros de Bode del arete St con y sin revestimiento, después de 1 y 9 d de inmersión en el medio de cultivo.
(austenitic stainless steel) also showed a high corrosion resistance in the culture medium, as indicated by the polarization tests. For the uncoated St stud, the increase in immersion time caused an increase of the double layer capacitance. A capacitive behaviour was also indicated by the EIS results obtained for the uncoated St stud at low frequencies.
The effect of increasing immersion time of Ti studs, occurred mainly in the relaxation process at the high frequencies (Fig. 5) . This was likely due to the oxide on Ti stud surface. From one to three days of immersion, EIS results suggested a decrease in the resistance of this oxide, possibly due to an 
Figuro 5. Espectros de Bode de aretes de Ti en tiempos crecientes de inmersión.
increase in its porosity, and from three to nine days, an increase in its capacitance was indicated. The observation of a relaxation process at the low frequency range suggests that this oxide was porous, and the electrolyte reached the metallic substrate at the pores base. A capacitive behavior was seen at low frequencies during the whole test period, indicating a high corrosion resistance of the Ti stud in the culture medium. Significant changes occurred in the EIS results of the Pf stud with increasing immersion time, at high and low frequencies (Fig. ó-a) . The high frequency relaxation process was likely related to the coating and the low frequency response to the corrosion process of the substrate at the base of defects in the coating.
From two to three days of immersion, the peak at low frequencies was broadened, indicating the interaction of two time constants. These two time constants were separated after nine days of immersion.
The relaxation process at frequencies from 10^ Hz to 10-1 Hz, was possibly due to the precipitation of corrosion products in the defects of the coating. The thickening of these products, leading to an increase in its resistance, associated to a decrease in the charge transfer resistance, might have caused the separation of the two time constants from three to nine days of test. A diffusion controlled process through this layer was also indicated in the EIS results. The response relative to the interface metallic material/electrolyte, seen at low frequencies, after corrosion products have been formed in the defects, suggests that these products were porous allowing the penetration of the electrolyte into the metallic substrate. These results indicate that Pf stud was continuously corroding during the whole test period, even after corrosion products have been deposited in the defects, Nyquist plots of Pf stud immersed in the culture medium at times corresponding to one to three days, showed depressed semicircles at high frequencies (Fig. ó-b) . This indicated the interaction of various time constants, possibly due to the heterogeneities in the coating, such as defects.
Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)
Defects were observed in the coating of Pf studs before immersion in the culture medium, (Fig. 7-a) . After few days of immersion, corrosion products were seen on the Pf surface, associated to defects of the coating (Fig. T-b ). This product was presumably zinc phosphate, as indicated by EDS Figure 7 . MEV of a stud surface before and after corrosion test, a) Defects in the coating on Pf stud before corrosion test, b) corrosion products deposited on a defect in the coating during corrosion test. analysis (Fig. 8) . It is important to mention that phosphate is a component of the culture medium.
Chemical analysis of the culture medium after corrosion
The results of element determination in the culture medium after ten days of studs exposure, and in the blank solution composed of the same culture medium, are presented in table II. Results obtained for Ni indicated that this metal was released from both gold-coated studs tested. This shows that despite the good characteristics of the gold coating on St stud, Ni is released into the corrosive medium and this can lead to allergic reaction. The culture medium where the stem substrate of Pf studs were immersed presented a high concentration and Zn and that where the St studs were exposed, high levels of Fe were detected. The high zinc content in the culture medium after ten days of studs immersion (six times that of the blank) shows that this element was leached from the alloy used as substrate, due to significant corrosion, supporting the EIS results. In the extract from Ti studs, the elements detected were of the same order of magnitude as that in the blanks, indicating their passivity in the culture medium.
Cytotoxicity test
The cytotoxic potential can be quantitatively expressed as cytotoxicity index (IC50(%)). The cytotoxicity index is the concentration of the extract necessary to suppress colony formation to 50 % of the control value. St and Pf commercial studs showed cytotoxicity, presenting IC^Q(^O/^) = 78 and 44, respectively, Pf with higher toxicity. On the other hand, Ti studs was not cytotoxic, IC5o(o/o) > 100.
CONCLUSIONS
The results showed that the studs investigated had large differences in their corrosion resistance. The stud associated to the highest corrosion resistance was St. This was partially attribute to the good characteristis of the gold coating on this stud and partially to the high corrosion resistance of its substrate (stainless steel). However, nickel was leached from St stud substrate into the culture medium and it was cytotoxic. Pf stud, on the other hand, was related to the lowest corrosion resistance, higher concentration of Ni released due to corrosion and higher cytotoxicity. Ti stud showed the best combination of properties, specifically high corrosion resistance, absence of Ni in its composition and absence of cytotoxicity. The results pointed out to the importance of using Ni free materials for the manufacture of ear piercing studs.
